The proton -charged pion correlated emission is studied in the reactions Au 
below for brevity. Modifications of spectral functions will be discussed explicitly. Here we only briefly describe the most important physical inputs of the BUU model (see Ref. [10] for details).
The mechanism of pion production implemented in the BUU model includes two steps (besides a small contribution from direct NN → NNπ processes): In the first step the ∆(1232) and higher baryon resonances are excited in inelastic nucleon-nucleon collisions:
NN → NR, where N stands for a nucleon and R for a resonance. At a collision energy 1÷2
AGeV dominantly the NN → N∆(1232) channel determines the inelastic part of the total nucleon-nucleon cross section. The masses of the produced resonances are chosen according to their vacuum spectral functions
where M pole is the pole mass and Γ(M) is the total mass-dependent decay width. In the particular case of the ∆-resonance M pole = M ∆ = 1.232 GeV, while
is the free space mass-dependent ∆-width with Γ ∆ = 0.118 GeV, β r = 0.2 GeV; q is the pion momentum in the rest frame of the ∆ and q r is the value of q at M = M ∆ .
In the second step the resonance decays into a pion and a nucleon: R → πN. The resonance decay at a given time step is simulated by Monte-Carlo using the free space massdependent decay width Γ(M). The Pauli blocking for the outgoing nucleon is taken into account in our calculations (c.f. Ref. [12] ). The life time of the ∆-resonance at its pole mass with respect to the pion emission is, therefore, τ ∆→πN = 1/Γ ∆→πN ∼ 2 fm/c, where Γ ∆→πN is the in-medium decay width of the ∆-resonance, which is less than Γ(M) due to Pauli blocking [13] . Furthermore, the produced pion can be reabsorbed: πN → ∆. Since the average life time of the ∆ is much less than the characteristic time (∼ 40 fm/c) of a central heavy-ion collision at 1÷2 AGeV and the pion mean-free-path is quite small (λ π ∼ 1 fm), a chain of processes ∆ 1 → π 1 N 1 , π 1 N 2 → ∆ 2 , ∆ 2 → π 3 N 3 , ... develops. Moreover, the pion and nucleon rescattering on nucleons strongly reduces the probability for the decayed ∆ to be "visible". Therefore, only a very small part of ∆-resonances excited in the nucleusnucleus collision, which is not absorbed in the process ∆N → NN, can be observed by looking at their decay products -i.e. correlated (π, N) pairs. We define a proton-pion pair as being correlated, if this pair originates from the same resonance and both the proton and the neutron don't rescatter anymore. In other words, we will always consider only observable correlated pairs. For the collisions under study we have obtained numerically on average 1÷4
(p, π − ) and 2÷6 (p, π + ) correlated pairs per event in a calculation without acceptance cut (Table 1) . After filtering through the central drift chamber (CDC) acceptance of the FOPI Collaboration (for Au+Au and Ni+Ni reactions) the number of correlated pairs decreases by a factor of 3÷4. The CDC acceptance (see Refs. [7, 14] ) was simulated by selecting only particles in the interval 32 o < Θ lab < 150 o and, for π + , additionally the cut p lab < 0.65
GeV/c was applied. In Table 1 
is the number of "random" pairs, i.e. those pairs which are composed of a proton and a pion from the same event, but not emitted from the same resonance:
where N p and N π ± are the total numbers of emitted protons and pions, respectively. The ratios r ± are quite small (∼ 10 −3 ÷ 10 −2 ) which makes the separation of the true signal from the background (see Sect. III B) difficult.
In Fig. 1 we show the time evolution of the nucleon density profile and of the radial distribution of the correlated (p, π ± ) pairs emitted during the time intervals from t i − 1 fm/c to t i + 1 fm/c, where t i =14, 18, 28 and 38 fm/c, for the Au+Au system at b=0. Most of the pairs are emitted from the periphery of the system, where the density is low (cf. Fig. 3 ).
We see from Fig. 1 , that the intensity of the emission reaches a maximum at t ≃ 20 fm/c and then slowly decreases. This is consistent with the pion production rate, which reaches a maximum at t=20 fm/c (cf. Fig. 11 from Ref. [15] ). Thus, pairs are emitted dominantly at 20 ≤ t ≤ 30 fm/c.
In Fig. 2 the radial dependence of the temperature is presented for a central collision of Au+Au at various times accompanied by the radial distribution of the correlated (p, π ± )
pairs. The local temperature was determined on a cubic lattice of 1 fm grid size introduced in the center-of-mass system of the colliding nuclei. A finite temperature Fermi distribution has been adjusted such as to obtain the correct baryon density and average baryon kinetic energy in the local rest frame of the matter element in the lattice cell. During the time period of intensive pair emission, 20 ≤ t ≤ 30 fm/c, the temperature at the periphery of the system decreases from 70 MeV to 30 MeV. This implies, that the description of the freeze-out of correlated (p, π ± ) pairs by some universal value of the temperature is quite schematic. The same conclusion can be obtained with respect to the freeze-out density, which is varying strongly during the period of intensive pair emission (Fig. 1) . Nevertheless, one can estimate some average value of the freeze-out density and temperature for a comparison with macroscopic thermodynamic models (cf. Refs. [5, 16] ). is the equilibrium nuclear matter density. In Table 2 the mean values and dispersions of the freeze-out parameters are given for all reactions. The distributions are quite broad to the total invariant mass spectrum, we show also in Fig. 4 the partial spectra given by the pairs emitted at t < 20 fm/c and at t < 30 fm/c. We see that, in agreement with the discussion in the previous section, the total spectrum is dominantly composed from pairs emitted in the interval 20 < t < 30 fm/c and that the low-mass pairs come primarily from very late times.
A. Analysis within the thermodynamical model
We have analysed the final spectra of correlated (p, π ± ) pairs using a simple thermodynamical model including nucleons, ∆(1232) resonances and free pions. For a given temperature T and baryon density ρ B the baryon chemical potential µ B can be exctracted from the equation:
where ρ N and ρ ∆ are the densities of nucleons and deltas:
with
is the spectral function of the ∆-resonance given by Eq. (1). The mass distribution of the ∆-resonance at finite chemical potential µ B and temperature T is
where V is the freeze-out volume.
In Fig. 5 we show the invariant mass (p, π) distributions from the BUU calculations and the ∆-mass distribution Eq. (7) Furthermore, the resulting (p, π) invariant mass spectra have a shape quite different from the function A(M) due to the presence of the integral over the Fermi distribution in Eq. (7).
The peak of the distribution dN ∆ /dM is slightly shifting to higher masses with increasing temperatures. We see that the BUU invariant mass spectrum is close to the thermal one for
A better understanding of the BUU results is achieved if we weight the thermal model calculation with the distribution function 3 ). Then the invariant mass spectrum of the pairs reads as follows (see Appendix for a derivation):
The distribution (8) is shown by solid lines in Fig. 5 . In Eq. (8) we calculated the integrals for limits T = 5 ÷ 100 MeV, ρ = 0.1 ÷ 2ρ 0 . In this way the pairs emitted early at nonequilibrium (high density) and late (low density) stages of the heavy-ion collision were removed from the analysis. The weighted distribution fits the BUU spectrum better than a calculation with fixed temperature and density using Eq. (7). Note that Eq. (8) has no free parameters: it only uses as an input the distribution of the emitted pairs at freeze-out temperature and density. Therefore, the mass distribution of the emitted pairs from central collisions is consistently described with a local thermal equilibrium assumption in agreement with the analysis in Refs. [7, 8] .
B. Extraction of the correlated (p, π ± ) pairs by background subtraction
The experimental extraction method of the correlated (p, π ± ) pairs is based on background subtraction from the event-by-event spectrum [6] [7] [8] 11] . A standard way of the background construction is the event mixing technique [11] . We have, therefore, also prepared mixed BUU events taking protons and pions from different events.In the case of Au+Au collisions all events were taken at b=0 fm. For the reaction Ni+Ni we have taken events for b = 1,2 and 3 fm, and a mixed event can be composed of two events at different impact parameters 3 . We have checked that an additional restriction of equal impact parameters in both events does not influence the result in this case, since the collision dynamics changes strongly only for b≈ 5 fm. For the reaction Ni+Cu a mixing of b = 1, 2. . . 5 fm events was performed selecting event pairs with equal impact parameters only. Then the difference spectrum agrees with the spectrum of real pairs. However, for the Ni+Cu reaction, the mixing of the events without imposing any condition on the impact parameters produces a difference spectrum peaked at about 1.15 GeV, i.e. at much smaller invariant mass, since the background spectrum gets shifted to higher invariant masses. The conclusion is that the difference spectrum resembles the spectrum of real pairs only if both events selected 3 The background construction was done only for the beam energy of 1.93 AGeV in the case of Ni+Ni collisions.
for mixing have impact parameters within 3 fm. Note, that in our BUU study the reaction plane is fixed and, in distinction to the analysis of the experimental data in [7] , we did not rotate our events around the beam axis.
In Figs. 6-8 the total event-by-event and background spectra (a,c) and their differences (b,d) are shown for the systems Au+Au, Ni+Ni and Ni+Cu. For the event mixing procedure we have prepared sets of 30000, 66000 and 24000 BUU-events for Au+Au, Ni+Ni and Ni+Cu reactions, respectively. In order to reduce the computational time, these events were calculated with the Coulomb interaction switched off (for a discussion of the Coulomb effects see the next section). The number of mixed events is 10 times more for each reaction.
The real correlated pairs, selected event-by-event, were extracted in parallel from the BUUevents.
The difference spectra (points with errorbars in Figs The general agreement between the spectra of real (p, π ± ) pairs and the difference spectra opens the possibility to identify the spectrum of real pairs given by BUU with the experimental difference spectrum. In this way one can get rid of large statistical errors, which are mostly due to the background constructed from mixed BUU events. At the same time, when doing such a comparison, we neglect some systematical deviations of the difference spectrum, which depends on the adopted background construction procedure, from the spectrum of real correlated pairs, which is unambiguous. For instance, we see from Figs. 6-8 that, in distinction to the real spectrum, the difference spectrum can show a negative correlation and an increased high invariant mass tail. Therefore, we will concentrate only on the gross structure (like the peak position and the width) of the calculated and measured spectra. (Fig. 9) , Ni+Ni at 1.06 AGeV (Fig. 10) and
Ni+Ni at 1.93 AGeV (Fig. 11) reactions in comparison to the experimental data of Ref. [7] . The experimental acceptance of the CDC was taken into account in our calculations.
The theoretical curves are averaged over impact parameter in the range b < 3 fm, that approximately corresponds to the PM5 multiplicity bin (see Ref. [7] ). Results with a standard parameterset of the BUU model are shown by dotted lines. These results are obtained taking into account the Coulomb interactions between charged particles in the BUU calculation.
However, it was supposed in the standard calculation, that the momenta of all particles are frozen after 40 fm/c and, therefore, the residual Coulomb energy was neglected. The effect of the residual Coulomb energy was, furthermore, taken into account by rescaling the momenta of particles as:
where U coul is the Coulomb energy of a particle at t = 40 fm/c. The residual Coulomb energy shifts the spectra of (p, π − ) and (p, π + ) pairs to smaller and larger invariant masses, respectively, by about 5÷10 MeV (dashed lines).
The complete role of the Coulomb interactions can be seen now, e.g. from a comparison of the solid line in Fig. 6d with the dashed line in Fig. 9a . We see that the Coulomb effects AGeV, a medium modification of the matrix element for the process ∆N → NN simulating the effect of a direct three-body absorption (see also Ref. [12] ) was included as follows:
The solid lines in Figs. 9-11 show the calculations including the selfconsistent ∆-width (wsc) and the density-dependent matrix element (ddme) of Eq. (10). It gives essentially broader invariant mass spectra and shifts the peaks to smaller invariant masses, however, still not enough to explain the FOPI data on (p, π + ) pairs.
One observes, nevertheless, a rather good overall agreement of the wsc+ddme calculation to the FOPI data on (p, π − ). For the Ni+Ni collisions at 1.93 AGeV (Fig. 11a) , the (p, π − ) data reveal a double-humped structure with an additional peak at low invariant mass, which can be explained by the decay Λ → pπ − (c.f. Ref. [6] ). This decay creates a narrow peak Figs. 12,13 show the results for the Ni+Cu reaction at 1.97 AGeV in comparison to the data from Ref. [6] . For this reaction we have performed only the wsc+ddme calculation.
The calculated results are not filtered through the EOS-TPC acceptance. Again, we can observe, however, a good agreement with the (p, π − ) data taking into account the Λ decay.
We note, that the relative Λ contribution is larger in the Ni+Cu reaction than in the very similar Ni+Ni reaction. This is caused by the 5÷6 times reduction of the number of (p, π − ) pairs due to the Λ decays after filtering through the CDC acceptance, while the number of (p, π ± ) pairs produced by the ∆ decays gets reduced only by a factor of 3÷4 (see Table   2 ). We attribute this different reduction to a smaller directed Λ flow than proton flow (c.f.
Ref. [18] ). For (p, π + ) pairs (Figs. 12b and 13 ), the calculations still overpredict the peak position of the ∆ ++ by about 10 MeV, but the overall agreement with the EOS-TPC data on (p, π + ) pairs is better than for the FOPI data.
It was shown in Ref. [6] , that the peak of the (p, π + ) invariant mass distribution shifts to lower invariant masses with the centrality of the collision. Fig. 13 shows, that also in the BUU calculations the same effect is present since in peripheral nucleus-nucleus collisions the emitted proton-pion pairs are mostly due to decays of ∆-resonances excited in energetic first-chance nucleon-nucleon collisions, where the thermal picture discussed in Sect. III A does not apply. We should remark that our statistics is rather poor for peripheral collisions.
Therefore, the discussed shift in our calculations in Fig. 13 is more relevant for the average value of the distribution than for the peak position.
D. Comparison of the BUU+thermal calculations to the experimental data
We have studied the predictions of the thermal model using as an input the distribution of (p, π) pairs at the freeze-out temperature and density produced by BUU (see Eq. (8)).
This hybrid approach offers an easy possibility to see the influence of the spectral function in the thermal part of the calculation on the observed ∆-mass spectrum while retaining in BUU the bare spectral function A of Eq. (1). Besides the calculations with the bare spectral function A in the thermal part, we have performed a thermal model analysis replacing A in Eqs. (6), (7) by the derivative of the πN-scattering phase shift in the P 33 channel with respect to the center-of-mass energy of the pion and nucleon (Ref. [5] ):
The B-function (11) can be interpreted as a level density of the πN system (cf. Ref. [19] and
Refs. therein). The thermal model employing the B-function (11) gives a better agreement with the experimental π 0 spectrum for the Au+Au reaction at 1.06 AGeV as shown in Ref. [5] . To clarify the reason we compare in Fig. 14 [7]). However, the B-function leads to a worse agreement for the Ni+Cu reaction, which can be explained reasonably well only within the BUU (wsc+ddme) calculation (dotted lines in Fig. 15 ). This calculation, however, is still not consistent with the FOPI data on (p, π + ).
IV. SUMMARY AND CONCLUSIONS
In this work a study of correlated (p, π ± ) pair emission from central heavy-ion collisions at energies of 1÷2 AGeV has been performed within the BUU transport model. In agreement with the data [7] less than 1% of the total number of the (p, π ± ) pairs are correlated.
Our calculations give ≈ 25% of emitted pions in correlations with protons (the rest of pions are produced either directly or their correlations are destroyed by proton and/or pion rescattering) for Au+Au central collisions at 1.06 AGeV. This value is lower than the one reported in Ref. [7] of ≥ 50% of pions correlated with protons. Since the total pion multiplicity is also overpredicted by the BUU model for the Au+Au reaction by about a factor of 1.7, the number of correlated pairs per event turns out to be close to the data again.
The correlated pairs originate from ∆-decays in low-density regions during an intermediate stage (t = 20 ÷ 30 fm/c) of the collision. The calculated invariant mass spectra of these pairs have a thermal shape; however, the real (kinetic) temperature in the system changes quite strongly during the period of emission. This result is related to a weak sensitivity of the shape of the invariant mass spectra to the temperature in the region T = 40 ÷ 55 MeV, which follows from a simple thermodynamical calculation (see text and 
APPENDIX
In this Appendix we derive Eq. (8) for the mass distribution of emitted pairs.
The density of emitted pairs in the space invariant mass -freeze-out temperaturefreeze-out density is (for brevity we drop lower indices at T f.o. and ρ f.o. ):
where
is the density of ∆-resonances in the same space as a function of time, Γ(M) is the decay width of Eq. (2), and W is the surviving probability of an emitted pair assumed to be independent on invariant mass, temperature and density. We have:
Assuming local thermal equilibrium we can write:
is the mass distribution of ∆-resonances (see Eq. (7)) normalized to 1, which depends only on the local temperature and density.
Substituting Eqs. (14), (15) into Eqs. (12) and (13), we obtain the expressions:
Using Eqs. (16), (17) and the relation
it is straightforward to obtain Eq. (8). Ref. [7] are given in brackets. For Ni+Cu collisions all results are unfiltered. pairs (points with errorbars connected by dashed line) and the spectra of real pairs from the same BUU calculation (solid line). The particle selection was performed including the CDC acceptance. Fig. 7 The same as Fig. 6 , but for Ni+Ni collisions at 1.93 AGeV. 
